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Abstract  This paper describes a model  as well as  experiments on spin-polarized tunnelling 
with  the aid  of  optical spin orientation.  This involves tunnel junctions  between  a magnetic 
material  and  gallium  arsenide  (GaAs).  where  the latter  is  optically  excited  with  circularly 
polarized  light  in order to  generate  spin-polarized  carriers.  A  transpolf  model  is  presented 
that  takes account  of  carrier capture  in  the semiconductor  surface states.  and  descnbes the 
semiconductor surface in terms  of a spindependent energy distribution function. The so-called 
surface spin-splitting  can  be calculated  from the balance of  the polarized  electron  and hole 
flow in the semiconductor subsurface region, the polarized Nnnelling cwent across the tunnel 
barrier between the magnetic material ad  the semiconductor surface. and the spin relaxation at 
the semiconductor surface. 
Measurements  are  presented of  the circular-polarir~tion-dependenr  photocurrent  (the so- 
called helicily asymmeuy) in thin-film tunnel junctions of  Co/Al1O,/GaAs  In the absence of 
a  tunnel barrier, the helicity asymmeuy is caused by  magneto-optical effects (magnetic circular 
dichroism).  In the  case  where a tunnel  bnnier is  present.  the dan cannot  be  explained  by 
magneto-optical effects alone: the deviations provide evidence that spin-polzhd tunnelling due 
to optical spin orientation occurs.  In Cotr-MnAVAlAstGaAs junctions  no deviations from the 
magneto-optical effects are observed. most probably due to the we&  spin polarization of r-MnAl 
along the tunnelling direction; the latter is corroborated by bandstructure calculations.  Finally, 
the application of  photoexcited  GaAs  for spin-polarized  tunnelling  in  a scanning Nnnelling 
microscope is discussed. 
1.  Introduction 
Since the early  seventies, spin-polarized tunnelling  studies have been conducted in  order 
to  derive information about spin-dependent electronic states [  11.  These studies involved 
thin-film  tunnel  junctions  as  well  as junctions  in  a  scanning  tunnelling  microscope 
(STM)  [Z]. As  the  spin-selective probe material,  there  are essentially  three possibilities: 
(i) a superconductor, (ii) a magnetic material, or (iii) a semiconductor. For each of  these 
materials,  in this introductory  section  we ;cry briefly  point  out how  spin  selectivity  can 
be achieved, and mention  the experiments already performed  with planar solid-state tunnel 
junctions as well as in an STM. 
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(i)  The  measurement  of  spin-polarized  tunnelling  with  a  superconducting  material 
is based  on  the  Zeeman  splitting of the  (unpaired)  quasiparticle  states  of  a  spin-paired 
superconductor (for an excellent review see [  11). As aresult of an applied magnetic field H, 
in a small spectral range of order ~.BH  at the edges of the superconducting gap, tunnelling 
with only one spin orientation is achieved. By measuring the differential conductance versus 
applied voltage, it is  possible to determine the spin polarization of  the tunnelling current. 
Many  successful experiments  were  performed  with  thin-film  tunnel junctions  involving 
superconducting  AI,  an  A1203  tunnel  barrier,  and a wide  variety  of  magnetic  counter- 
electrodes. 
(ii)  In  the  case  of  tunnelling  between  two  magnetic  materials,  the  quantity  to  be 
determined  is the junction  conductance for parallel  versus antiparallel  orientation  of  the 
electrode  magnetizations.  The relative  change of  the  conductance  gives  a  measure  for 
the product of  the spin polarizations  of  the electrode materials.  This technique has been 
treated in a number of theoretical papers 131.  Experiments have been performed with planar 
junctions [4] as well as with an STM  in an ultra-high-vacuum environment 151. 
(iii) Due to the spin-orbit interaction, by optical means a spin selectivity can be achieved 
in a nonmagnetic semiconductor.  For that reason also a 111-v  semiconductor material can be 
used in a spin-polarized tunnelling experiment.  For example, the injection of nonequilibrium 
spin-polarized carriers can be detected due to the emission of polarized radiation. In an STM 
the emission of  polarized  luminescence due to spin-polarized tunnelling has already been 
observed with ferromagnetic tips and a GaAs sample [6].  On the other hand, spin-polarized 
caniers can be created by  photoexcitation with circularly polarized light-so-called  optical 
spin orientation 171. The possibility of using optical spin orientation in GaAs for the purpose 
of  spin-poIarized  tunnelling  has  been  discussed  in several  publications  [8,  131.  These 
ideas originate from  the successful  operation of  spin-polarized electron sources based on 
optical excitation of caesium-covered p-type GaAs (see, e.g., [14]).  Pioneering experiments 
with  planar  solid-state junctions were  performed in  our group  [15]. The application  of 
photoexcited GaAs for magnetic imaging has become a hot issue with the development of 
cleaved GaAs tips for STM  operation, under ultra-high-vacuum conditions [I61 as well as 
under ambient conditions 117,  181. 
In  this  paper  we  will  be  concerned  with  the  usage  of  optical  spin  orientation  in 
GaAs  in  order to  achieve spin  selectivity  in  a  tunnelling  arrangement.  First,  a  model 
description of spin-dependent  transport will be given.  This model includes the subsurface 
transport processes in the semiconductor and spin relaxation at the semiconductor surface. 
Experimental results obtained with planar junctions will be presented and analysed. Finally 
we discuss the application of optical spin orientation in GaAs for magnetic imaging in an 
STM. 
2.  The model for spin-dependent transport 
In this  section  we describe  a  model  for  spin-dependent  transport  in  a  tunnel  junction 
between a metallic and a semiconductor material, when optical spin orientation is applied. 
This  system  is  rather  complicated,  because  one should  not  only  consider  the  tunnel 
current between the metal  and the semiconductor surface, but  also the electron  and hole 
currents in the semiconductor subsurface region.  The tunnelling current has already been 
treated  theoretically  by  Molotkov  [Ill in  a  Green’s  function  formalism,  and  by  Laiho 
and Reittu [12] for plane electronic waves; we will describe the tunnelling current by  the 
transfer Hamiltonian approach [19], in a convenient form for a modulation experiment. To Transport in metaVsemiconducror tunnel junctions  9449 
our knowledge.  the spin-dependent transport in the semiconductor, including the subsurface 
electron and hole currents, the surface states and spin relaxation therein, has not been treated 
elsewhere. 
In a  111-v  semiconductor Iike GaAs,  optical spin  orientation  involves  photoexcitation 
with light of  circular polarization  171.  At the direct gap of GaAs  the conduction  band  is 
predominantly formed of Ga-derived wavefunctions  with s symmetry, whereas  the valence 
band  consists  of  As-derived  wavefunctions of p  symmetry.  Because of  the  spin-orbit 
interaction  in  the valence  band,  the optical transition~probabilities  are ,such that circularly 
polarized photons with an energy close to the bandgap give a maximum spin polarization of 
50% in unstrained GaAs  1201. An important consequence of optical spin orientation is that 
in the semiconductor the energy distribution of charge carriers deviates from equilibrium and 
is unequal for the two spin orientations, the latter quality being essential for a spin-polarized 
tunnelling experiment. 
In  the following, we  will  first consider the spin-dependent  tunnelling  current flowing 
between  a  magnetic  material  and a  semiconductor surface,  for a  given  spin-dependent 
energy distribution of carriers at the semiconductor surface. Next, we will present a model 
description of the mechanisms that determine the size of the spin dependence of the energy 
distribution function at the semiconductor surface, the so-called semiconductor surface spin- 
splitting . 
magnetic  tunnel  semiconductor 
metal  barrier 
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Figure 1.  A one-dimensional electronic energy diagram of a tunnel junction between a magnetic 
meld and B ptype semiconductor. The 'blow-up' shows  the occupation of the surface states for 
the two spin directions.  The  spin-dependent quasi-Fermi level is represented by  V:.  See the 
text for furrher  explanations. The picture is not  to scale, because  in general  the band-bending 
region in the  semiconductor is considerably larger than the  tunnel barrier width. 
2.1.  Spin-polarized  tunnelling 
The present  derivation of  the  spin-dependent tunnelling  cument  is based  on  the transfer 
Hamiltonian approach, a first-order  perturbation  method  that applies in the case of a low 
tunnel barrier transparency [19].  As depicted in figure 1, the magnetic electrode is described 
by single-particle spin-dependent wavefunctions  @;  with energies E;.  The superscript cr 9450 
indicates  the spin orientation with respect to a given quantization  axis (parallel or spin up 
equals T,  antiparallel or spin down equals 4):  we will use identical  spin-quantization  axes 
for the two materials.  It is assumed that the tunnel current and optical excitation represent 
a negligible  perturbation to  the metallic  electrode;  for that reason the energy  distribution 
function  in the magnetic  metal (F,)  does not depend on  the electron  spin  [21]. Since 
the semiconductor is  not magnetic, the semiconductor surface is described  by the spin- 
independent wavefunctions $" with energies E,;  however,  due to optical spin orientation 
the carriers at the semiconductor surface follow a spin-dependent  energy distribution (7g). 
In a good tunnel barrier no scattering centres are available such that the electron energy 
and the electron spin are conserved during the tunnelling process.  In that case, the tunnel 
current (Zy)  for spin orientation U from the magnetic material to the semiconductor surface 
can be expressed as follows: 
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where e  is the absolute magnitude of the  electron charge.  The  magnetic  electrode is at 
the externally  applied potential V,.  The energy zero is given  by  the Fermi  level in  the 
semiconductor bulk.  The function G:(E)  takes account of all energy-conserving  tunnelling 
transitions at energy E, for states with spin orientation U.  As we will see, G; closely relates 
to the differential tunnelling conductance. Ml",  is the well known tunnelling matrix element: 
the surface integral (Ids) is evaluated inside the banier separating the two materials.  The 
matrix element takes account of the overlap of the wavefunctions of the respective electrode 
materials.  This parameter is spin dependent because the  wavefunctions  of  the magnetic 
material depend on the electron spin.  Calculation of the total tunnel current yields 
Zl  =  1:  = - ds ([G,' +  G;][F, -7J -  [G: -  G!][3;f -  Ft]/2)  (4) 
0  -e  , 
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where FS  = [FJ  +  &]/2 is the spin-averaged distribution function at the semiconductor 
surface.  The first term takes account of  the spin-integrated  tunnel  current.  The second 
term is present in the case of  a spin-polarized magnetic  material  (G! # G:) nnd a spin 
imbalance  in the semiconductor (FJ  # F!).  An expression  similar to equation (4)  was 
derived  in  1111.  In the  following we will  assume that at the semiconductor surface each 
spin  subsystem is  close to  thermal equilibrium, because the processes  of  carrier capture 
and  energy relaxation  are generally  very  efficient  at surfaces  with  surface states  [ZZ]. 
This means that the spin subsystems approximately  follow an  energy-shifted  Fermi-Dirac 
distribution:  F:(E)  f(~  +  eV:),  where V:  is  the spin-dependent surface potential.  As 
indicated in figure  1,  this allows for the definition of  the spin-averaged  surface potential: 
V, 
In our experiments a modulation of optical polarization  and/or of  optical intensity  is 
applied.  As a result, the  spin-dependent distribution  function at the semiconductor surface 
becomes  time dependent  with  the  following form:  F;(t) = Re{F;  + AF;exp(iot)), 
where  OJ  is  the  modulation  frequency.  The associated  time-dependent  surface  potential 
-~ 
[V: +  V2]/2,  and of the surface spin-splitting:  Vip'"  [%' -  V)]/2. Transport in metab'semiconductor tunnel junctions  945 1 
becomes:  Vp(t) = Re{Vp + AV:  exp(iot)).  To  first order in the modulation  amplitudes, 
with equation (4) we find the following modulation  of the total tunnelling current: 
(5)  AZr  = -([GT +  G:] AK+ [GI  -  G:]AV:pin] 
-v 
spin inregnted  ,  spin selective 
where  AE  = [AV:  + AVkl/2,  and  AVipi" = [AV:  -  AI&2.  The spin-selective 
contribution of equation (5)  can also be written as follows: 
AIc = -G,P(Gl) AV;p'"  (6) 
where  G, = G? + Gt and P(GJ  [GJ -  Gt]/G,.  The  negative  sign  in equation (6) 
results  from  the  definition  of the  direction  of  current flow.  P(G,) is  the  normalized 
polarization  of  the spin-dependent  tunnel  conductance. . This  quantity was evaluated by 
Laiho and Reittu [12,  131 for a two-band  free-electron  ferromagnet in a planar junction, 
showing that the size of P(G,)  depends not only on the bulk bandstructure, but also on the 
tunnel barrier height and shape. Experiments [l] as well as calculations  [I21 indicate that 
P(GJ  can be tens of per cent for materials like Fe, CO,  and Ni. 
An ideal optical spin-orientation  experiment involves only a modulation of the surface 
spin-splitting (AV,"P'"),  not a modulation of the spin-averaged  surface potential (AX  =  0). 
However,  in the case of  an unwanted modulation of  the optical power, the  spin-averaged 
potential  will  also modulate  [23].  This can for example be due to  the magneto-optical 
KerrFaraday effect [31]. In our experiments, we  find that AViP"  and AK  are  of comparable 
size, namely  of the order of a few per cent of K.  In order to separate the spin-selective 
from the spin-integrated  contributions to the current modulation, an additional technique 
is required.  In principle  the separation can be achieved by varying the photon energy, the 
tunnel barrier width, and the applied voltage.  In addition to the above-described modulation 
of  tunnel  current, displacement currents can appear (see [24]).  These signals are not of 
interest here, since they carry no spin selectivity. 
2.2. Semiconducror surface spin-splitting 
The spin dependence of the energy distribution  function at the semiconductor surface (the 
so-called surface spin-splitting)  is  determined by  the flow of spin-polarized  minority  and 
majority carriers in the semiconductor subsurface region [25], the spin-relaxation  rate at the 
semiconductor surface, and the spin-polarized tunnel current from the semiconductor surface 
to the magnetic electrode.  In order to calculate the semiconductor spin-splitting, we present 
a one-dimensional spin-dependent transport  model.  This model is based  on the  work  of 
[24], where the electron  spin was still ignored.  As was already pointed  out in figure  1,  the 
metalsemiconductor junction is modell@  as a device with three 'electrodes':  the metallic 
electrode, the semiconductor surface states, and the semiconductor bulk.  The metal is biased 
with respect to the semiconductor bulk Fermi level  by  the externally applied voltage  V,. 
Between  the metal and the surface states a tunnel barrier is present; the surface states and 
semiconductor  bulk are separated by a Schottky barrier, i.c.  thc semiconductor subsurface 
band-bending  region.  The band-bending  region  represents  a  barrier  for majority-carrier 
transport:  at the same time,  it constitutes an accelerating  field  for photoexcited  minority 
carriers: 
The important spin-polarized currents are given by:  the current density of photoexcited 
carriers  (J;),  the majority-carrier  current density  through  the Schottky  bamer (J,"). and 
the tunnel current density  (J,").  We  define J,"  to flow from  the magnetic electrode to the 9452 
semiconductor  surface; Jp"  and J:  represent  flow from the semiconductor  surface to  the 
semiconductor bulk. Let the density of spin-up (spin-down) electrons at the semiconductor 
surface be  given  by  NL (N,",).  The excess density  of  spin-up  electrons  is  defined as 
N:?  NL -  Nk = -eV:""D,,,  ,where Ds,  is  the total density of surface states  (units 
m-2  J-1  ). The density of surface states is assumed to be uniform over the range of interest 
(as for example applies to the native oxide on GaAs [XI). When at the surface the spin 
lifetime is given by F",  the density of current flowing from the spin-up to the spin-down 
spin subsystem at the surface becomes 
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where 6.i'" = eZ&/TTin  is  the spin conductance between  the spin  subsystems at the 
semiconductor surface.  The tilde denotes that  the conductance is defined  per unit area. 
Bookkeeping of  the flow of  spin and  charge yields the following equations for the spin- 
dependent current densities at the semiconductor surface: 
J,f +  J;'  -  J;'  + JP  =  0  J,"  +  5:  - .I/  -  =  0.  (8) 
Adding and subtracting these equations, and using the normalized spin polarizations of the 
respective currents, we find 
Jp + Jr -  Jr =  0  JpP(Jp)  +  JsP(J,) -  JtP(JJ +  Zf!?2V:pin  =  0  (9) 
4  where Jj =  J;'  +  J,  and P(Ji) 3  [J: -  J:]/Jj, i E (p, s,  t). The so-called photoamperic 
mode  of operation of  the  metal-semiconductor  tunnel  junction  (see [24]) refers to  the 
situation  in which the tunnel barrier represents a far higher conductance than the Schottky 
barrier,  i.e.  Jr rr  Jp, and  <<  IJp].  In  that  limit the size of the tunnelling  current (JJ 
is given by the size of the photocurrent  (.Ip), and is not affected by the polarization  of the 
photocurrent P(Jp).  Or to put it differently. whatever the polarization of  the photocurrent. 
all  the photoexcited carriers will  be transpaned into  the metallic electrode, because the 
Schottky barrier is too high.  This is an undesirable situation for a spin-polarized tunnelling 
experiment, where spin sensitivity is wanted  in  the total  tunnelling  current.  In order to 
maximize the spin sensitivity  in the total tunnelling current, we should operate in the so- 
called  photovoltaic regime (see  [24]), where the tunnel  barrier conductance  is lower than 
the conductance of the Schottky barrier.  Then the tunnel  current  (JJ is  negligible  with 
respect to the photocurrent, and J, rr -JP  This situation has the important advantage that 
the spin-splitting  at the semiconductor surface is only determined  by the photocurrent and 
the Schottky majority-carrier  current,  independently of the tunnelling current properties. 
Let us calculate the size of  the spin-splitting  at the semiconductor surface  for p-type 
GaAs in the photovoltaic mode of operation.  By optical spin orientation in GaAs, the spins 
of  the electrons as well as the hole spins are oriented  in principle.  However, due to  the 
spin-orbit interaction a strong coupling exists between  the hole's  angular momentum and 
its quasimomentum (IC),  resulting in a loss of the hole spin orientation on the time-scale of 
the momentum relaxation  time (rp -  IO-"  s);  in the conduction band this strong coupling 
is absent, causing the electron spin lifetime to be many orders of magnitude larger [27]. In 
p-type GaAs the bands are generally bending downward from the bulk toward the surface, 
which  drives the optically oriented  electrons toward  the surface 1281.  In the photovoltaic 
mode of  operation,  this flow of  electrons (the minority-carrier  current Jp) is  balanced  by 
the hole current that Bows through the Schottky barrier (the majority-carrier current Js);  the 
latter is given by thermally  assisted transport over the electrostatic  barrier and subsequent 
surface recombination  [29, 301.  Since the holes are hardly  polarized,  we can neglect  the Transport in metalhemiconductor tunnel junctions  9453 
spin dependence of the hole energy distribution in the semiconductor bulk;  in addition, for 
a small spin-splitting the  surface recombination velocity does not depend on the electron 
spin.  In other words,  in p-type GaAs we can to first order neglect the polarization of the 
majority-cakier current P(Js)  with respect to the polarization of the minority-carrier  current 
P(Jp).  In that  case, using (7) and (9) in the photovoltaic  mode of operation (Jt = O), we 
find the following expression for the spin-splitting &the  surface potential: 
Thus, for a maximum spin-selective tunnelling  current (cf. equation (6)), it is appropriate 
to  use  p-type  GaAs  in the  photovoltaic mode of  operation, with  a large magnitude and 
polarization  of  the photocarrier current. a large surface spin lifetime, and a low density of 
surface states. 
In  summary, we have analysed the spin-dependent tunnelting current in a tunnel junction 
between a magnetic material and a semiconductor, where in the latter a modulation of spin 
orientation was established  by optical means.  In the semiconductor, account was taken of 
the polarized hole and electron currents, and the carrier capture and transport in the surface 
states. For future directions, it will be of  interest to model the polarization of the majority- 
carrier current, which will be important for large values of the surface spin-splitting and for 
n-type  materials [28]. 
3.  Experiments 
This  section  deals  with  experiments  on  planar  ferromagnet/insulator/semiconductor 
junctions.  The sample substrate is  GaAs, with a tunnel barrier of  AI  oxide or AIAs.  The 
ferromagnet  is  a CO thin  film,  with  or without an  ultrathin  s-MnAI  film  inserted.  In 
these junctions the light traverses the  magnetic^ thin film before reaching the semiconductor 
material.  This .implies that the magneto-optical  Faraday effect [31]  can be of  importance. 
Upon transmission  through  the magnetic film, the change of optical polarization is of the 
order of lo-',  which can safely be neglected.  More importantly, the Faraday effect results in 
a helicity~  dependence of the transmission  of optical power into the semiconductor material, 
an effect that is also of the order of  IO-'.  In other words-when  applying a technique of 
modulation  of  optical polarization-concurrtly  with a modulation  of the spin orientation 
of  the electrons, the amount of  photoexcited  carriers also  is  modulated.  In the context 
of  equation  (5), this  was referred  to  in  terms  of  the  spin-selective  and  spin-integrated 
contributions to  the current modulation. The two contributions can be separated by varying 
the photon energy and by comparing devices with different tunnel barrier thicknesses [32], 
as will be described in the following. 
3.1. GnAs(AUAhO.i)Co 
The samples with an A1203 tunnel barrier were prepared  in  an electron beam evaporation 
system.  The substrates were  GaAs(ll0) surfaces cleaved  under ambient conditions.  The 
exposure of  the GaAs  to  the ambient gives an  oxidic layer with  a thickness of about a 
nanometre  and a  high  density  of  surface states [26].  The  GaAs was  p-type  (Zn doped) 
or n-type  (Si doped) with doping densities  in the range  to  IO'*  cm-?.  First,  on the 
substrate an A1 film was deposited;  in order to prevent  island  growth  the substrates were 
cooled with  liquid  nitrogen.  Subsequently, for a couple of  hours the A1  was oxidized  by 
a glow discharge in oxygen at a pressure of -0.1  Torr,  while the sample was allowed to 9454  M  W J Prim et a1 
reach room temperature.  Similar procedures are known  to produce good  tunnel barriers 
with a thickness of about 2 nm (see, e.g.,  [I, 41).  Finally, 15 nm of CO  and a 5 nm Au cap 
layer were deposited.  A quartz microbalance was used to measure the film thickness.  All 
depositions were carried out at approximatcly 0.2 nm  s-'  with a chamber pressure in the 
Torr region. 
3.2.  GaAs(AL4s)s-MnAlCo 
The samples with an AlAs tunnel barrier were prepared by  molecular beam epitaxy (MBE) 
on  GaAs(001) substrates.  The growth was done in two separate  MBE chambers, the first 
containing nonmagnetic elements only, the second including some magnetic elements. The 
base pressure of the chambers was in the high IO-"  and low  IO-''  Torr region, respectively. 
The growth rates were controlled by setting the atomic or molecular fluxes to the desired 
value, and by measuring the RHEED (reflection high-energy electron diffraction [33]) intensity 
oscillations in situ.  The RHEED pattern served to monitor the surface Structure and verify 
the epitaxial growth of the layers.  In the first chamber a p-doped buffer layer (C doped, 
IOL8 cm-')  1 pm thick  was  deposited  on  a  p-type  GaAs(001)  substrate,  at  a  growth 
temperature of  560 "C and  a growth rate of  -1  pm per hour.  The substrate  was  then 
cooled to room temperature and an As  passivation layer was deposited for two hours to 
protect the sample from the atmosphere during transfer to the second chamber.  To regain 
the p-doped GaAs surface, in the second chamber the substrate was heated to evaporate the 
As protection layer and some remaining oxygen. An epitaxial AlAs tunnel barrier was then 
deposited (20 nm AlAs for sample M171, and 2 nm AlAs for sample M172) at a substrate 
temperature of 580 "C. 
There is a limited set of ferromagnetic materials that can be grown epitaxially on AIAs, 
one of these materials being r-MnAl.  The latter is a metastable phase of the intermetallic 
MnAl system, with a composition ratio Mn/AI of about 55/45 [341.  r-MnAl has a tetragonal 
unit cell, and is well lattice matched to GaAs.  On the AlAs tunnel barrier an ultra-thin  T- 
MnAl layer was deposited (as a so-called template) for CO epitaxy. The template involved 
the deposition of 5  alternating monolayers of Mn and A1  (2.5 so-called bilayers) to  form 
an amorphous layer, and annealing at -250  "C to form a crystalline template [35].  This 
template allows  for growth  of  the  forced  bcc  phase  of CO  [36-381.  4 nm  of  CO were 
deposited at a substrate temperature of -250  "C and a rate of 75 nm  h-'.  The growth was 
concluded with an amorphous GaAs passivation layer (15 nm) deposited at -80  "C. 
3.3.  Experimental arrangement 
As sketched in figure 2, in our experiments the propagation direction of  the incident optical 
beam was collinear with the applied magnetic field, and (within about 5") also collinear with 
the sample normal. For the above-mentioned ferromagnetic thin films the easy magnetization 
orientation is in the film plane.  A magnetization component parallel to the incident beam 
was created by an external magnetic field of 300i30  kA  m-',  supplied by  an electromagnet 
with a hole bored through one pole for optical access. Sample sizes were a few mmz. Low- 
impedance back contacts to the substrate were made by  InGa droplets.  Typical excitation 
levels were a few mW focused to a spot diameter of about 50 pm, yizlding closed-circuit 
currents (I)  in the &A range.  Different photon energies were provided by  an Ar-ion  (for 
photon energies of 2.71,  2.54 or 2.41  eV), a HeNe (1.96 eV), and an AlGaAs (1.52 eV) 
laser.  The  helicity  dependence  of  the  current  was  determined  by  modulating the  light 
between positive and negative helicity, and measuring the response with a lock-in amplifier Transport in  metuUsemiconductor tunnel junctions  9455 
(AZ). A reversal of the magnetic field was employed in order to subtract minor signals of 
nonmagnetic  origin (electrical  pickup or a residual  intensity  modulation  due to imperfect 
optical alignment). 
lens  sample 
/  polarizer 
I/  .+.. (c1 
electromagnet 
ferromaenet 
cap layer  tunnd barrier 
\ 1  1  wvsemiconduclor 
polarizcd light 
Figure 2.  The  experimeml arrangement (top) and 
device mnslruction (bartom). 
For all devices we measured the current response (R)  to a modulation of incident optical 
power (AP), where the response is defined as R = [AZ/I]/[AP/P].  For junctions with a 
tunnel barrier, we observed that the response became larger than unity and phase shifted at 
modulation frequencies. higher than about one kilohertz;  this we attribute to the appearance 
of  a displacement current that  flows through  the tunnel  barrier.  Since in  the following 
experiments we want to detect direct currents only, we chose the modulation frequency low 
enough to ensure that the response (R)  was  unity.  The application  of an external bias of 
more than a few tenths of a volt across the samples often gave rise to a sudden lowering 
of the device resistance.  This is  indicative of the formation  of  low-resistance  spots, most 
probably  at the  sample edges.  We  verified  that  the  helicity  asymmetry  AI/I was  not 
sensitive to a sudden change of the device resis-tance; this can be understood from the fact 
that a low-resistance  spot simply operates as a resistor in parallel to the externally attached 
load resistance  (Rloud in figure 2). In the following measurements the load resistance was 
lower than the internal  resistance of the junctions, and no external bias was applied to the 
junctions. 
4.  Results and discussion 
4.1.  GuAs(AWA~~O,)CO 
The top panel of figure 3 shows the helicity asymmetry AI/I  as a function of photon energy, 
for samples of different growth batches.  Devices  A are constructed without an AI/AIzO, 
interlayer.  As was pointed out  with  equation (9),  in  devices without a tunnel  barrier  the 
spin-dependent effects should be minimized, such that only magneto-optical  effects can give 
a helicity asymmetry to the tunnel current. For these devices, the dashed line (A') represents 
a calculation of the helicity asymmetry of the optical power absorbed in the semiconducting 
substrate; the optical propagation  and absorption in the layered system was.calculated with a 
matrix formalism [39] that takes account of  the (polarization-dependent)  complex refractive 
indices of  the layers  [40].  The optical constants  were  taken from the  literature  [41, 421. 
As  can  be seen from comparison of  curves A to  the calculation  (A'),  this  description  of 9456  M  W J Prim er  a1 
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Fiyre 3.  Helicity asymmetry All1  as a function  of photon energy Eph. Trp: AI203 devices. 
CUN-  A represent the measured asymmetries for devices with  no AllAI201 interlayer. Curve 
B refers to a device of incompletely oxidized AI (-6  nm AI and -2  nm AhOg).  Curve C 
gives [he results for P complrrely  oxidized AI interlayer (-4 nm Al203).  The dashed line A' 
represents a magneto-optical cnlculation of the heliciiy asymmetry of optical power absorbed in 
the CaAs substrate in the absencr of an AItAIZOI Interlayer (MO ulculation. right-hand sale)). 
Bono,n:  AlAs devices.  The circular symbols  represent data for samples with a 2 nm  AlAs 
barrier. whereas the triangular symbols refer to samples with a 20 nm AlAs barrier.  The dxhed 
line represents a magneto-optical calculation of the,helicity asymmetry of optical power absorbed 
in the GaAs substrate (MO calculadon. right-hand scale). Solid  lines are guides to the eye. 
the magneto-optical  signal is quite accurate:  the difference between  the magnitude  of  the 
measured  values (left-hand scale) and the calculated values (right-hand  scale) is due to the 
incomplete magnetization of the ferromagnetic thin film, as we confirmed by measurements 
at higher fields. 
Device B  was prepared by  depositing a single 8 nm AI  film,  that was subsequently 
oxidized.  The A1203  layer has a thickness of  -2  nm  [l,  41,  so -6  nm of  AI  remains 
between  the GaAs and the A1203.  Due  to the conducting AI  film on the semiconductor 
surface, devices prepared  in this way are not expected to show maximum  spin-dependent 
transmission  effects  (this was  not  yet  recognized  in  our  previous  publication  in  1151). 
This  expectation  is  based  on  the  high  density  of  states  at  the  semiconductor surface, 
which  according to  equation (10) gives a low spin-splitting  at the semiconductor surface. 
Additional  magneto-optical calculations on  the structure of  device B  show that-when 
compared to  that for device A-the  helicity asymmetry  is reduced by 20%  at 1.5 eV and 
is modified  by less than 4% at 2.7  eV. Since these reductions arc approximately observed, 
we conclude that device B also shows a helicity asymmetry mainly due to magneto-optical 
effects. Transport in mfaLisemiconducror  runnel junctions  9457 
Device  C  is  composed  af a  double  barrier,  i.e.  twice  an  AI  film  of  -2  nm  was 
deposited and oxidized.  Since these AI  films were so thin,  we can assume that they were 
completely  oxidized [  1, 41.  Additional  magneto-optical  calculations on  the structure of 
device C show that-ampared  to that  of device A-the  magneto-optical  contribution  to 
the helicity asymmetry is changed by less than 4% in the photon energy range of  interest. 
In other words, the strong deviations of curve C from curve A-at  1.5 eV photon energy a 
reduction of helicity  asymmetry of 60%-annot  be explained by magneto-optical  effects. 
The striking feature is that the deviations are largest at near-bandgap excitation (i.e.  toward 
1.42 eV), and that curve C converges with curve A at higher photon energy:  qualitatively the 
same wavelength  dependence is observed  for spin-polarized  photoemission  from caesium- 
covered GaAs  [7.43,44]. This wavelength dependence is mainly determined by the spectral 
behaviour of the optical dipole transitions  and spin-relaxation  mechanisms [7].  Following 
our model description (cf. equation (5))  we attribute the observed deviations of  curve C 
from curve A to a spin-selective current contribution, i.e. the occurrence of spin-dependent 
tunnelling of  optically  oriented carriers. 
At  1.5  eV photon  energy,  the measured  difference in  helicity  asymmetry  (AIt/It) 
between  curves C and  A  of  figure 3,  upper panel,  amounts to (7 f  1) x  Let us 
analyse this observation with our model of spin-dependent transport,  in order to deduce the 
spin-splitting at the semiconductor surface.  It follows from  other measurements on A1203 
tunnel barriers [45] that the differential tunnelling conductance is  rather constant in the case 
of a voltage drop of  less than a tenth of a volt, and that for higher voltages the differential 
conductance increases with a quadratic dependence on the voltage drop.  In other words, a 
lower limit to the differential  tunnelling conductance [46] is  given by  G, 2 It/[V,  -  7J; 
because no external voltage was applied in these experiments (V,  = 0). with equation (6) 
we find that the relative spin-splitting at the semiconductor surface is  either given by 
or is  of  a  lower absolute magnitude.  In  earlier spin-polarized  tunnelling measurements 
with  fully  magnetized  CO,  a  spin polarization  of  IP(Gt)I  =~  0.35  was detected  [l];  in 
our experiment, along the direction of the incident beam the magnetization  was found by 
measurement to be less than 50%  of its saturation value, so a reasonable estimate for IP(G,)I 
is 0.15 f0.05. Using the measured value for AIt/I,, with equation (1 I) we deduce that the 
relative spin-splitting at the semiconductor surface (AV,  /Vs) was lower than or equal to 
(54~2)  x IO-'  in this experiment. As was pointed out with equations (9) and (lo), the value 
of  the surface spin-splitting  (Vi"")  is not  only determined  by the photoexcited minority- 
carrier current, but also by the surface spin relaxation, the Schottky majority-camer current, 
and  the  tunnelling current.  The  magnitude  of  the  spin-averaged  potential  (Vs)  strongly 
depends on the Schottky barrier  height  (cf. [24]).  In our devices the determination of the 
spin-averaged potential (vs)  was inhibited due to the presence of low-resistance spots, so we 
are unable at present  to further analyse the previous experimental result  in the perspective 
of our model description. 
Finally. WE  tentatively analyse the sign of  the spin polarization of the tunnel conductance 
that follows from our measurement.  In magnetic materials,  it is  common usage to define 
the electron spin orientation io be positive if the electron belongs to the majority-spin  type, 
i.e. if the magnetic moment of the electron  is aligned with the sample magnetization (see, 
e.g.,  [l, 471).  For electrons the orientation  of  the spin magnetic moment is opposite to 
the spin orientation. Thus, to be consistent with the above convention, we should choose 
the spin-quantization  axis of the electronic wavefunctions  opposite to  the direction of the 
spin - 9458 
external magnetic field.  In the following analysis we will define the spin-quantization  axis 
of the electronic wavefunctions to be equal to the sample normal, and choose the external 
magnetic field  to be parallel  to  the propagation  direction  of  the incident  beam  In  that 
case, it follows from other measurements [48] that the magnetic circular dichroism of CO  is 
such that light of negative helicity is less strongly  absorbed than light of positive helicity. 
This implies that  due to  magneto-optical  effects,  in  our junctions a higher  photocurrent 
is measured  for light of  negative helicity.  When  light of near-bandgap  photon  energy 
and negative helicity  is  used, the electron spins are preferentially  oriented  parallel  to the 
spin -  quantization axis [7]:  V,  /V,  0 if  Vm = 0.  Since we attributed  a decrease of  AI/l 
to  spin-polarized  tunnelling,  using  equation (1 I) we derive that  the spin  polarization  of 
the tunnel  conductance P(G,) was  of  negative sign.  In earlier spin-polarized  tunnelling 
measurements with superconducting AI and an A1203 tunnel barrier, with fully magnetized 
CO a spin polarization  of f0.35  was detected, corresponding to predominantly  tunnelling 
of  majority-spin  electrons  at  the CO Fermi  level  [I].  It is  well  known  that  different 
measurement techniques can give a different sign for the spin polarization;  for example, 
spin-polarized  photoemission from CO  shows predominantly  minority-spin electrons at the 
Fermi level  149, 501.  Comparing our measurement with the measurements  of  [I], it may 
well be that in the respective experiments the electron tunnelling occurs at a different energy. 
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4.2. GaAs(AL4s)z-MnAlCo 
The bottom panel of figure 3 shows the helicity asymmetry AIjI as a function of photon 
energy for devices with an AlAs tunnel barrier, a z-MnAI template, and a CO  thin film.  The 
circular symbols represent measurements on samples with a 2 nm AlAs barrier, whereas the 
triangular symbols were measured on samples with 20 nm of AIAs.  As for the calculations 
for the A1203 junctions,  ~  the  dashed  line  represents  a magneto-optical  calculation  of  the 
helicity  asymmetry of  the  optical power  absorbed in  the  semiconducting substrate;  we 
verified  that  the calculated helicity  asymmetry is  hardly  affected  by  the thickness  of the 
AlAs interlayer. 
In the case of a spin-polarized tunnelling effect, we expect to observe a different helicity 
asymmetry  of the current for samples with a thin and with  a thick tunnel  barrier, as was 
discussed  using equation  (9);  this  is  not  observed  in  figure 3.  Futhermore, we  observe 
that  the measured  data are close to the calculated magneto-optical  curve.  In other words, 
the data can be  explained by  magneto-optical  effects only, and we find  no  evidence  for 
spin-polarized  tunnelling within the measurement  uncertainty of  -IO-;. 
In view of the previous  results,  bandstructure  calculations  of  r-MnA1 were performed 
(for details,  refer  to  [51]).  For both spin directions, figure 4 shows the calculated  energy 
bands and figure 5 the calculated density of states.  The spin polarization of the total number 
of electrons at the Fermi level is P,  = [NT  -N']/[Nt +Nil = -0.37,  where  is the 
number of majority-  (minority-)  spin electrons at the Fermi level.  This polarization mainly 
results from the~strongly  spin-split Mn 3d bands in the TXM  plane of the Brillouin  zone, 
representing wavefunctions that are itinerant in the planes containing the Mn atoms. 
4.3. Bandstructure calculations 
Concerning the implications  of  the calculated bandstructure for a tunnelling  experiment, 
it is  important to realize that  tunnelling  is a direction-specific  probing  technique.  In  our 
junctions, the tunnelling  direction is given by a cone of less than  five degrees around  the 
sample normal [56], which is the c-axis of the r-MnAl unit cell. Thus, the most important Transport in metaVsemiconductor tunnel junctions  9459 
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contributions to the spin-dependent tunnelling conductance G; (defined in equation (2))  are 
given by the energy bands that are dispersive in the z-direction of the Brillouin zone, i.e. the 
bands  that cross the high-symmetry  directions  rZ,  MA  and XR.  Along these directions 9460 
we  observe  a rather similar  bandstructure for the majority-  and  minority-spin  electrons: 
at the Fermi  level the crossings of  respectively  three and four states are involved;  when 
constructing the Fermi surface, it appears that for both spin directions the above-mentioned 
axes are crossed by three Fermi sheets of comparable character.  This is  in strong contrast 
to the bandstructure polarization  in  the rXM  plane.  In other words, along the xy-planes 
the conductance is strongly spin polarized,  whereas perpendicular  to  these planes a spin 
polarization  is  hardly  present.  We also performed bandstructure  calculations  (not shown) 
for the  structure of  our samples (an  ultra-thin  T-M~AI  layer sandwiched  between  GaAs 
and CO). These calculations indicated  that the electronic structure of the Mn and AI atoms 
adjacent to the GaAs is similar to the bulk r-MnAl electronic structure, and so the previous 
analysis also applies to the junctions of  our experiments. 
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5. Summary and conclusions 
In  this paper we presented  a model for spin-polarized  transport  in a photoexcited  tunnel 
junction between a magnetic metal and a semiconductor,  where the semiconductor charge 
carriers are polarized by optical orientation.  The semiconductor surface was described in 
terms of a spin-dependent distribution function or quasi-Fermi level V:.  The model clearly 
demonstrates that the spin-selective contribution to the total tunnelling current is proportional 
to the product of the spin dependence of the tunnelling conductance (G!  -G/)  and the spin- 
split quasi-Fermi level at the semiconductor surface (V! -  V?.). The sensitivity of the total 
tunnelling current is maximized if the tunnel barrier conductance is lower than the Schottky 
barrier conductance, i.e.  when  the tunnel current represents a negligible disturbance to the 
semiconductor.  In that case,  in a p-type  material  the spin-splitting  at  the semiconductor 
surface is proportional to the density and the polarization of the photoexcited electrons, and 
to the surface spin lifetime, and inversely proportional  to the density of surface states. 
Experimental results were shown for planar tunnel junctions made of GaAs.  A technique 
of polarization  modulation was employed, and the resulting tunnel current modulation  was 
detected.  A complication is that the current modulation is caused by optical spin orientation 
and  spin-dependent transmission  over the  tunnel banier, as weIl  as  by  a modulation  of 
optical power absorbed in the semiconductor. The  power modulation is due to the magneto- 
optical KerrFaraday effect. In our samples the magneto-optical contribution to the helicity 
asymmetry of the photocurrent (the Faraday effect) is of the order of  which is  larger 
than the contribution attributed to spin-polarized  transmission.  Nevertheless, by varying the 
photon energy and the tunnel barrier thickness, it is possible to filter out the magneto-optical 
effects. Using this procedure, we have obtained some  experimental evidence for the presence 
of spin-polarized  tunnelling by optical spin orientation in Co/AlzO~/GaAs  junctions, where 
the deduced  relative spin-splitting  at the semiconductor surface ([VJ -  Vb]/[V,' + V:]) 
amounts to  5 x  IO-* or  less.  In MBE-grown  samples with  an  AlAs banier we did  not 
observe spin-polarized  tunnelling, most probably due to the presence of an ultrathin r-MnAl 
layer adjacent to the AlAs barrier.  The ultrathin  template was needed for high-quality  CO 
epitaxy.  Spin-split  bandstructure calculations  confirmed  that  the conductance  along the 
tunnelling direction is  hardly spin polarized  due to the T-M~AI  layer. 
For future experiments it is important to reduce the magneto-optical  contribution to the 
tunnel current modulation.  Since the Faraday effect scales with the film thickness, ultrathin 
magnetic  films can be used,  such as MBE-grown Fe  or CO (e.g.  [58,  591).  Also it is of 
interest to avoid the appearance of low-resistance spots in the devices, for example by edge 
passivation;  this will allow for detailed  studies of the current-voltage  characteristics,  and 
for studies of the voltage dependence of the spin-polarized  tunnehg current. Transport in metallsemiconductor tunnel junctions  946 I 
Finally, we discuss the consequences of the previous model description and experimental 
results for  the  development of  a convenient magnetically  sensitive probe material  in an 
STM.  As was  pointed  out  in  the introductory  section of  this  paper,  for a spin-sensitive 
material there are essentially  three possibilities:  a superconductor, a magnetic material, or 
a semiconductor. 
(i) Superconductor. The application of a superconductor for spin-polarized tunnelling in 
an STM is difficult, because a tip with a superconducting state at the apex has to be operated 
in rather high  magnetic fields:  To our knowledge,  this technique has not yet been  applied 
in an STM. 
(ii) Magnetic material.  Due to magnetostriction  and  magnetostatic  interactions,  in an 
STM  the  relative  orientation  of  the  tip and  sample magnetization  is  not  easily modified 
without changing the tip-to-sample  distance.  In  addition, the perturbation  of  the sample 
magnetic structure by the tip remains a matter of concern. It  may, however,  be possible to 
obtain some information  on spin-polarized  tunnelling by comparing the surface topography 
and current-voltage  characteristics measured  with a magnetic tip on  different atomic sites. 
(iii) Semiconductor.  The advantage of a photoexcited  semiconductor probe is that the 
spin orientation can  be modified by optical means.  Pioneering STM tests of spin-polarized 
‘tunnelling  with GaAs are being performed [60, 611,  where it is essential to separate the spin- 
selective and spin-integrated  contributions to the tunnelling current (cf. equation (5)). In a 
metal-semiconductor  STM junction there is a strong voltage dependence of the sensitivity 
of the current to variations of the optical power [24]; thus by sweeping the voltage, we can 
tune the tunnel junction to a low sensitivity  to variations of  the optical power, in order to 
isolate a signal due to spin-polarized tunnelling.  The dual-frequency  modulation technique 
involved and experimental results are presented  in [611. 
Also, it is of interest to estimate the importance of  magnetic forces when photoexcited 
GaAs is used  in an STM. For 1.5 eV  photons the absorption depth is about 1 @m  in GaAs [62]; 
if every photon yields one electron-hole  pair, for an excitation  intensity of lo7 W m-2  the 
photoelectron  generation  rate  is  4 x  IO”  electrons per second per m3.  In  the case of 
50% spin polarization  and a lifetime of 10 ns, in the semiconductor this gives a maximum 
photoinduced  magnetization  of  2 x  loz3 pB  This is  equal to  an  average optically 
induced magnetic moment of less than  IOw5  fig per atom.  With such a low magnetization 
the resulting  magnetic dipolar forces are negligibly  small.  It is  more difficult to evaluate 
the size of an exchange force in an optically oriented metal-semiconductor  tunnel junction, 
because  of  the nonequilibrium spin dynamics involved.  Although a spin-splitting  as high 
as 0.1  V may be achievable, this is  still an  order of magnitude smaller than the exchange 
splitting in Fe or Co.  From the above estimates we conclude that the magnetic forces in 
a tunnel junction between a ferromagnetic  material and an optically excited semiconductor 
are small compared  to the case for two magnetic counter-electrodes. 
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